A polarization-insensitive phase modulator concept is presented, based on an embedded silicon-graphene-silicon waveguide. Simulation results show that the effective mode index of both transverse electric (TE) and transverse magnetic (TM) modes in the silicon-graphene-silicon waveguide undergoes almost the same variations under different biases across a broad wavelength range, in which the real-part difference is less than 1.2 × 10 −3 . Based on that, a polarization-insensitive phase modulator is demonstrated, with a 3-dB modulation bandwidth of 135.6 GHz and a wavelength range of over 500 nm. Moreover, it has a compact size of 60 µm, and a low insertion loss of 2.12 dB. The proposed polarization-insensitive waveguide structure could be also applied to Mach-Zehnder modulators and electro-absorption modulators.
Introduction
Electro-optic phase modulators (PMs) have been widely and intensively investigated for their applications in advanced optical communication systems, thanks to their intrinsically bias-free and linear modulation properties [1] [2] [3] . Most PMs are based on substrates of low crystal symmetry and require special polarization control for the incoming optical signal, due to their polarization sensitivity. However, the present trend of optical communication networking dictates the need for polarization-independent optical devices, especially at nodal junctions [4] .
Several methods have been proposed for realizing polarization-insensitive modulators by using, for example, electrode sets [4] [5] [6] , bidirectional modulation [7] [8] [9] [10] , or tensile strained quantum wells [11] [12] [13] . The most effective method is to introduce two independent electrode sets for the desired transverse electric (TE) and transverse magnetic (TM) polarizations. However, this method leads to have long waveguides and large operating voltages, limited by the small change in the refractive index change of common electrooptic crystals [5] , which is not efficient for high-speed modulation [7] . The bidirectional modulation method is based on bidirectional phase modulation for the TE and TM modes through a Sagnac loop, which overcomes the intrinsic polarization dependence of silicon photonic modulators [8] . In the case of bidirectional operation, the device's bandwidth is limited to several GHz, due to the counter-propagation of the electrical and optical waves [9] . Strained quantum wells have been successfully demonstrated for realizing polarization insensitivity operations with very compact structures. The major limitation lies in large insertion loss and high temperature 2 of 8 sensitivity [13] . Therefore, polarization-insensitive PMs with large bandwidth, low insertion loss, and compact size, are of great interest.
Recently, graphene has attracted much interest in optoelectronic devices, due to its excellent electronic and optical properties [14] . Moreover, its electrical conductivity can be tuned by electrostatic gating, as well as dielectric-metal transition, in a near-infrared regime [15] . Graphene embedded silicon modulators have been proven to be superior against traditional modulators [16] [17] [18] [19] [20] . In this paper, we propose, for the first time to the best of our knowledge, a polarization-insensitive PM based on an embedded silicon-graphene-silicon waveguide. We design a novel sandwiched waveguide structure, in which an inner waveguide is embedded into an outer one. The polarization dependence of the proposed waveguide has been studied for achieving the polarization-insensitive modulation with the finite element method. Based on the proposed polarization-insensitive waveguide, the polarization-insensitive PM is demonstrated with a wavelength range of over 500 nm, and a modulation bandwidth of 135.6 GHz through numerical simulations. The proposed PM also has a compact size and low insertion loss.
Polarization-Insensitive Waveguide Structure
As is known, graphene is an attractive material for electro-optic modulators due to its strong interaction with light and electrically-controllable optical conductivity [14] . It has been reported that the structure of a sandwiched graphene-silicon waveguide will enhance the interaction between graphene and light [21] . However, sandwiched graphene-silicon waveguides are generally polarization-sensitive, since the TE and TM modes experience an unbalanced refractive index and loss on the horizontal and vertical axes. To achieve polarization insensitivity, the structure and size of the graphene waveguide should be specifically designed, since they have much influence on the effective refractive index (n eff ) for TE and TM modes. Here, we design a novel embedded structure in which an inner waveguide is embedded into an outer one. As is shown in Figure 1 , an inner silicon waveguide with 400 nm width and 460 nm height is surrounded by two 0.7 nm graphene layers. The two graphene layers, which are separated by a 10 nm thick Si 3 N 4 spacer, are also surrounded by an outer waveguide with the width and height of 800 nm and 800 nm. For fabrication, it is better to replacing the rectangular silicon-graphene waveguide with a slanted silicon-graphene waveguide for the inner waveguide [22] . Metal electrodes are in contact with the graphene layers, so that the two graphene layers can form capacitor structures.
Recently, graphene has attracted much interest in optoelectronic devices, due to its excellent electronic and optical properties [14] . Moreover, its electrical conductivity can be tuned by electrostatic gating, as well as dielectric-metal transition, in a near-infrared regime [15] . Graphene embedded silicon modulators have been proven to be superior against traditional modulators [16] [17] [18] [19] [20] . In this paper, we propose, for the first time to the best of our knowledge, a polarizationinsensitive PM based on an embedded silicon-graphene-silicon waveguide. We design a novel sandwiched waveguide structure, in which an inner waveguide is embedded into an outer one. The polarization dependence of the proposed waveguide has been studied for achieving the polarizationinsensitive modulation with the finite element method. Based on the proposed polarizationinsensitive waveguide, the polarization-insensitive PM is demonstrated with a wavelength range of over 500 nm, and a modulation bandwidth of 135.6 GHz through numerical simulations. The proposed PM also has a compact size and low insertion loss. As is known, graphene is an attractive material for electro-optic modulators due to its strong interaction with light and electrically-controllable optical conductivity [14] . It has been reported that the structure of a sandwiched graphene-silicon waveguide will enhance the interaction between graphene and light [21] . However, sandwiched graphene-silicon waveguides are generally polarization-sensitive, since the TE and TM modes experience an unbalanced refractive index and loss on the horizontal and vertical axes. To achieve polarization insensitivity, the structure and size of the graphene waveguide should be specifically designed, since they have much influence on the effective refractive index (neff) for TE and TM modes. Here, we design a novel embedded structure in which an inner waveguide is embedded into an outer one. As is shown in Fig. 1 , an inner silicon waveguide with 400 nm width and 460 nm height is surrounded by two 0.7 nm graphene layers. The two graphene layers, which are separated by a 10 nm thick Si3N4 spacer, are also surrounded by an outer waveguide with the width and height of 800 nm and 800 nm. For fabrication, it is better to For a polarization-insensitive waveguide, the real-part difference of an effective refractive index between TE and TM modes (∆Re = Re(n eff_TE ) − Re(n eff_TM )) should be less than 5 × 10 −4 [23] , and the insertion loss difference between TE and TM modes (∆α = α(TE) − α(TM)), which results from the imaginary-part difference of the refractive effective refractive index between TE and TM modes, should be less than 4 × 10 −3 dB/µm [11, [24] [25] [26] , such as the polarization sensitive < 1 dB with the waveguide length of 250 µm (i.e., 4 × 10 −3 dB/µm) [26] . The insertion loss can be calculated with α = −40πlge·Im(n eff )/λ. The outer waveguide around the small one enhances light-graphene interaction which is the key design element for achieving effective electro-optic modulation. In the horizontal and vertical directions, the light in the waveguide is influenced by the graphene, to make sure that the waveguide is polarization-insensitive to the TM and TE modes. With the finite element method, ∆Re and ∆α of the proposed waveguide are calculated in the case of different widths and heights of the inner waveguide, as shown in Figure 2 . In the simulation, there is no voltage on the graphene and the incident light is set as λ = 1550 nm. From Figure 2a , it can be observed that ∆Re and ∆α are kept to be less than 1.5 × 10 −3 and 1.4 × 10 −2 dB/µm, respectively, with the inner waveguide width ranging from 300 nm to 500 nm. From Figure 2b , it can be observed that ∆Re and ∆α are kept to be less than 1.5 × 10 −3 and 4 × 10 −2 dB/µm, respectively, with the inner waveguide height ranging from 410 nm to 530 nm. The waveguide width and height can be optimized to make sure there is a small value of ∆Re and ∆α for a polarization-insensitive waveguide.
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Graphene-based polarization-insensitive phase modulator
The graphene's complex optical conductance σ = σintra + σinter can be deduced from Kubo formalisms [27] :
where σintra and σinter are the intraband conductivity and interband conductivity of the graphene, σ0 is the universal optical conductance, ћ is reduced Planck constant, and ω = 2πc/λ is the angular frequency of incident light. Γ1 = 1/τ1 and Γ2 = 1/τ2, where τ1 and τ2 are intraband relaxation time and interband relaxation time of the graphene, respectively. The chemical potential μc of the graphene is related to the applied voltage Vg by μc = ћv = F (π|η(Vg + V0)|) 1/2 [28] , with the Fermi velocity vF ≈ 9.5×10 5 m/s and the voltage offset V0 caused by the natural doping. Η = (ε0ε)/(ed) is a constant, ε and d represent the permittivity and distance of the dielectric between the two graphene layers, and e is the charge of an electron. 
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where σ intra and σ inter are the intraband conductivity and interband conductivity of the graphene, σ 0 is the universal optical conductance,h is reduced Planck constant, and ω = 2πc/λ is the angular frequency of incident light. frequency of incident light. Γ1 = 1/τ1 and Γ2 = 1/τ2, where τ1 and τ2 are intraband relaxation time and interband relaxation time of the graphene, respectively. The chemical potential μc of the graphene is related to the applied voltage Vg by μc = ћv = F (π|η(Vg + V0)|) 1/2 [28] , with the Fermi velocity vF ≈ 9.5×10 5 m/s and the voltage offset V0 caused by the natural doping. Η = (ε0ε)/(ed) is a constant, ε and d represent the permittivity and distance of the dielectric between the two graphene layers, and e is the charge of an electron. As is known, the electrically-controllable optical conductivity of graphene can effectively affect a waveguide mode's effective refractive index. We have designed a polarization-insensitive phase modulator, based on the proposed waveguide shown in Figure 1 . The inner silicon waveguide with the width and height of 400 nm and 460 nm, respectively, is surrounded by two 0.7 nm graphene layers. The two graphene layers, which are separated by a 10 nm thick Si 3 N 4 spacer, are also surrounded by the outer waveguide, with a width and height of 800 nm and 800 nm, respectively. As is shown in Figure 4c , the real-part of the effective refractive index Re(n eff ) for the waveguide changes sharply when 0.4 eV < µ c < 0.7 eV. The phase change can be simply achieved in this range of µ c . Figure 4d shows that the image-part of the effective refractive index, Im(n eff ), experiences a large change in the range of 0.45 eV < µ c < 0.55 eV, and the Im(n eff ) is also large for the loss in this range. To compromise a relative large phase shift and low absorption α within the range of µ c , we set the operating range of 0.56 eV < µ c < 0.66 eV, corresponding to the operating voltage of 4.36 V < V g < 6.1 V. The maximum variation of the real-part of the effective refractive index, ∆n eff = 0.013, which seems to be much larger than conventional electro-optic modulator, is realized by LiNbO 3 (maximum value ∆n eff = 0.0016) [30] . The phase shift is related to ∆n eff by ∆ϕ = (2π/λ) × ∆n eff × L and the length of π phase shift L π = 59.6 µm. The approximate linear relationship between phase and chemical potential in the range of 0.56 eV < µ c < 0.66 eV for a 60 µm long waveguides is shown in Figure 5a with a red line. To evaluate the loss in the selected range, propagation length Lp is studied and related to Im(n eff ) by Lp = 1/(2Im(n eff )2π/λ) [31] , which is the length when output power decays to 1/e of its input power, as shown in Figure 5a with a blue line. When µ c = 0.56 eV, the loss index is 0.063 dB/µm and the propagation length Lp = 69.1 µm, while for µ c = 0.66 eV, the propagation length is 343 µm. The insertion loss is less than 2.12 dB at µ c = 0.6 eV for a 60 µm long waveguide. In Figure 5b , the proposed PM operates with polarization insensitivity when the incident light wavelength is from 1300 nm to 1800 nm.
The equivalent electrical circuit model of the proposed polarization-insensitive PM is shown in Figure 6a . The R total is the equivalent resistance of each side of graphene and composed of the metal-graphene contact resistance R c and the resistance of graphene R g [32] , and the R total is almost offered by the metal-graphene contact resistance, so here we set R total ≈ R c = 400 Ω-µm [33] . In Figure 6b , the total capacitance consists of three parts, C = C 1 + C 2 + C 3 . Each part can be calculated by C i = ε 0 ε r S i /d i (i = 1,2,3) and ε r is the relative permittivity between the two graphene layers. S i is stands for the area of the plate capacitor, and d i is the distance of the plate capacitor. With the function Appl. Sci. 2019, 9, 429 5 of 8 of f 3dB = 1/(2π·2R total C), the 3-dB modulation bandwidth of the proposed PM is estimated to be f 3dB = 135.6 GHz. Δneff = 0.0016) [30] Fig. 5(a) with a red Fig. 5(a) with a blue line. When μc = 0.56 eV, the loss index is 0.063 dB/μm and the propagation length Lp = 69.1 μm, while for μc = 0.66 eV, the propagation length is 343 μm. The insertion loss is less than 2.12 dB at μc = 0.6 eV for a 60 μm long waveguide. In Fig. 5(b) , the proposed PM operates with polarization insensitivity when the incident light wavelength is from 1300 nm to 1800 nm. The equivalent electrical circuit model of the proposed polarization-insensitive PM is shown in Fig. 6(a) . The Rtotal is the equivalent resistance of each side of graphene and composed of the metalgraphene contact resistance Rc and the resistance of graphene Rg [32] , and the Rtotal is almost offered by the metal-graphene contact resistance, so here we set Rtotal ≈ Rc = 400 Ω-μm [33] . In Fig. 6(b) , the total capacitance consists of three parts, C = C1 + C2 + C3. Each part can be calculated by Ci = ε0εrSi/di (i = 1,2,3) and εr is the relative permittivity between the two graphene layers. Si is stands for the area of the plate capacitor, and di is the distance of the plate capacitor. With the function of f3dB = The equivalent electrical circuit model of the proposed polarization-insensitive PM is shown in Fig. 6(a) . The Rtotal is the equivalent resistance of each side of graphene and composed of the metalgraphene contact resistance Rc and the resistance of graphene Rg [32] , and the Rtotal is almost offered by the metal-graphene contact resistance, so here we set Rtotal ≈ Rc = 400 Ω-μm [33] . In Fig. 6(b) , the total capacitance consists of three parts, C = C1 + C2 + C3. Each part can be calculated by Ci = ε0εrSi/di (i = 1,2,3) and εr is the relative permittivity between the two graphene layers. Si is stands for the area of the plate capacitor, and di is the distance of the plate capacitor. With the function of f3dB = 1/(2π·2RtotalC), the 3-dB modulation bandwidth of the proposed PM is estimated to be f3dB = 135.6 GHz. . 6(a) . The Rtotal is the equivalent resistance of each side of graphene and composed of the metalgraphene contact resistance Rc and the resistance of graphene Rg [32] , and the Rtotal is almost offered by the metal-graphene contact resistance, so here we set Rtotal ≈ Rc = 400 Ω-μm [33] . In Fig. 6(b) , the total capacitance consists of three parts, C = C1 + C2 + C3. Each part can be calculated by Ci = ε0εrSi/di (i = 1,2,3) and εr is the relative permittivity between the two graphene layers. Si is stands for the area of the plate capacitor, and di is the distance of the plate capacitor. With the function of f3dB = 1/(2π·2RtotalC), the 3-dB modulation bandwidth of the proposed PM is estimated to be f3dB = 135.6 GHz. In a practical fabrication process [34, 35] , some important processes of the designed polarization-insensitive phase modulator based on embedded silicon-graphene-silicon waveguide are as follows: firstly, the ways of acquitting, transferring, and processing monolayer graphene are very important. Through chemical vapor deposition, a chip-sized graphene layer can be obtained on Cu film and is then protected by 200-nm thick poly (methyl methacrylate) film. The graphene sheet is rinsed and transferred on the fabricated Si waveguide using the FeCl 3 solution. E-beam lithography is then used to define the active region, and oxygen plasma is applied to remove the undesired graphene on one side of the waveguide, leaving the other side for metallization. Secondly, the Si waveguide fabrication with a groove can be realized by E-beam lithography, combined with the inductively coupled plasma etching process. Thermal evaporation is used to deposit metal for electrodes.
Conclusions
To summarize, we propose a novel polarization-insensitive PM, based on an embedded silicon-graphene-silicon waveguide, and demonstrate a graphene-based polarization-insensitive phase modulator with the embedded waveguide. The phase modulator shows a 3-dB modulation bandwidth of 135.6 GHz and an optical bandwidth of over 500 nm. Moreover, it has a compact size of 60 µm long and low insertion loss of 2.12 dB.
